Abstract HAGAR is a system of seven Non-imaging Atmospheric Cherenkov Telescopes located at Hanle in the Ladakh region of the Indian Himalayas at an altitude of 4270 meters amsl. Since 2008, we have observed the Crab Nebula to assess the performance of the HAGAR telescopes. We describe the analysis technique for the estimation of γ-ray signal amidst cosmic ray background. The consolidated results spanning nine years of the Crab nebula observations show long term performance of the HAGAR telescopes. Based on about 219 hours of data, we report the detection of γ-rays from the Crab Nebula at a significance level of about 20σ, corresponding to a time averaged flux of (1.64±0.09) ×10 −10 photons cm −2 sec −1 above 230 GeV. Also, we perform a detailed study of possible systematic effects in our analysis method on data taken with the HAGAR telescopes.
Introduction
Crab Nebula is the first source detected in very high energy (VHE) γ-rays [Weekes et al 1989] and extensively studied object by ground based atmospheric Cherenkov detectors. After the first light from the supernova (SN 1054) which was recorded in 1054 AD, it is one of the best studied non-thermal celestial objects in almost all energy bands of the electromagnetic spectrum. The Crab Nebula lies ≈ 2 kpc [Trimble 1968] from the Earth at a right ascension (RA) of 05 h 34 m 31.97 s and at a declination (DEC) of +22 d 00 m 52.1 s , in the constellation of Taurus (J2000 epoch). The Nebula has a diameter of 6 ly, and is expanding at a rate of about 1,500 kilometers per second. It is also a nearby pulsar wind Nebula (PWN) and the Crab is powered by a 33 ms pulsar that injects relativistic electrons into the Nebula. Synchrotron radiation by the relativistic charged particles (e ± ) results in the emission of radiation from radio to GeV γ-rays, while higher energy (GeV to TeV) gamma rays are thought to result from the Synchrotron Self-Compton (SSC) process, ie inverse-Compton interaction of the high energy e ± with the synchrotron photons emitted by themselves [Gaensler and Slane 2006 , de Jager and Harding 1992 , de Jager et al 1996 , Atoyan and Aharonian 1996 , Hillas et al 1998 .
The Crab Nebula is considered as the standard candle in VHE γ-ray astronomy due to its strong and steady emission. In the past few years, discovery of variable γ-ray emission from the Crab Nebula has been reported by the AGILE [Tavani et al 2011] and Fermi-LAT [Abdo et al 2011] telescopes during September 2010. During this period Crab Nebula flux in 100 MeV to 1 GeV energy band increased by an order of magnitude in less than a day. However, in the TeV energy band, MAGIC and VERITAS telescopes did not see any enhancement in the flux during this period [Mariotti 2010 , Ong 2010 . The ARGO-YBJ collaboration have reported enhanced γ-ray signals with a median energy of 1 TeV from the direction of the Crab Nebula, which is consistent with the flares detected by AGILE and Fermi-LAT but the increase in flux is below 5σ level [Aielli et al 2010, Bartoli et al 2012, Vernetto and  for the ARGO-YBJ collaboration 2013] . Another episode of enhanced emission in MeV-GeV energy band, lasting for almost two weeks, took place in March 2013. During this period, Fermi-LAT detected a 20-fold increase in the flux of γ-rays for energies above 100 MeV. Again, VHE observations carried by VERITAS during this period did not show any evidence for increase in γ-ray flux [Aliu et al 2014] . The HAWC [Salesa Greus and HAWC Collaboration 2015] detector also did not find any evidence of variations in the Crab flux during the period June 13, 2013 to July 9, 2014. In some of the earlier experiments, also there were reports of rare detection of γ-rays from the direction of Crab Nebula, presumably due to enhanced flux above the detection threshold [Bhat et al 1986 , Acharya et al 1990 , Gupta et al 1978 . Thus, though occasionally variability in the flux of γ-ray was reported in various energy bands, it appears that Crab Nebula is a steady source in TeV energy band [Toor and Seward 1977, Kirsch et al 2005] . Therefore it can still be used as a "standard candle" source for the calibration of ground based atmospheric Cherenkov telescopes.
HAGAR is an array of non-imaging atmospheric Cherenkov telescopes, began its VHE observation of Crab Nebula and other astrophysical sources in the 2008 observing season. HAGAR has successfully detected flares from blazars like Mkn421 [Shukla et al 2012] and and Mkn501 [Shukla et al 2015] . This paper discusses the method used in our search for steady γ-rays using wavefront sampling technique. In the non-imaging technique where γ like events can not be directly distinguished from the cosmic ray background (hadron generated) events. The subtraction of cosmic ray background remain always a challenge for the estimation of absolute γ-ray flux. The second most important point is related with observational method, when the sky brightness of γ-ray source and corresponding background regions are different. In order to address the challenges associated with this technique the other data sets which include observations of fictitious sources (dark region of the sky and bright sky region) with special interest to the Crab Nebula region have been studied and discussed in detail. These data sets were used to test and validate the method used in subtraction of cosmic ray background from γ-ray source region.
HAGAR
The High Altitude GAmma Ray (HAGAR) observatory consists of an array of seven atmospheric Cherenkov telescopes located at the center and corners of a hexagon inscribed in a circle of 50 meter radius, which is shown in figure-1. Each telescope consists of seven parabolic glass mirrors of 10 mm thickness and 0.9 m diameter having f/d=1. These mirrors are front coated and average reflectivity in the visible range is around 80%. Each mirror has a UV-blue sensitive XP2268B (Photonis) Photo-multiplier tube (PMT), mounted at its focal point with 3
• field of view (FOV) angular mask. The total reflector area of all seven telescopes is about 31 m 2 . These telescopes, which are based on AltAzimuth mounting, are controlled remotely through GUI/Linux based system using 17-bit rotary encoders, stepper motors, Microcontroller-based Motion Control Interface Units (MCIU) etc. The control system allows to achieve a steady state pointing accuracy of 10 arcsec with a maximum slew rate of 30
• per minute for each axis and continuous monitoring of the telescope positions. Guide telescopes fitted paraxial to telescope mirrors are used to arrive at a pointing model for each telescope. The co-planarity of all 7 mirrors of a given telescope with its axis is achieved by a series of bright star scans. The over-all accuracy in pointing of the mirrorsis about 12 arc minutes. Details of the telescope control and the pointing model of HAGAR array have been extensively discussed [Gothe et al 2013] . The high voltages to PMTs are controlled and monitored through CAEN universal multi-channel power supply system. The analog PMT signals are transmitted to the control room located at the center of the array (below Tel #7) through coaxial cables. The pulses of seven PMTs of a telescope are linearly added to generate a telescope pulse. A CAMAC and VME based data acquisition (DAQ) system has been used for processing of signals from individual PMTs as well as telescope pulses. A DAQ consisting of eight channel Flash ADC (fast waveform digitizer, Acqiris make) system has been used to digitize 7-telescope pulses. A trigger for the initiation of data recording is formed when any four out of seven telescope pulses cross the predefined discriminator threshold within a coincidence window of 60 ns. In this paper we restrict our analysis to the data recorded by the digitizer.
Observations and Data sample
We observed Crab Nebula extensively with HAGAR telescopes since its inception. The observations time period extended from October 2008 to December 2017. The key information, the direction cosine of the shower axis, is derived from the relative time of arrival of Cherenkov shower front at telescopes, which is recorded through 8 bits Agilent (time resolution = 1ns) waveform digitizer. Observations are carried in ON-OFF mode (source followed by its background or vice-versa). The source and corresponding background region are observed for typical duration of 60 minutes each. The declination angle of the cosmic ray background region and the duration of observation are kept same as those of source to have same zenith angle range. In order to assess the performance and systematic in the analysis method several other regions like fixed angle (telescopes parked at some zenith angle) and dark region (fictitious source) of the sky were also observed. Log of observation duration after selection of ON-OFF run pairs taken on the same night and having same zenith angle coverage are given in Table - 1. All types of observations (both source and background) were taken on the same night to minimize the effect of sky conditions on PMT counting rates. The night sky condition and count rates of individual PMTs were monitored throughout the observations.
Analysis
The analysis of the HAGAR data has been performed using in-house developed codes in the IDL programming language. In this technique, analysis of the data is based on the comparison of cosmic-ray events from a γ−ray source region with similar cosmic-ray background region. The complete analysis method is grouped into three sub-sections. These are data reduction, estimation of event arrival direction and extraction of γ-ray signal.
Data reduction
The Acqiris DC271 high speed 8 bit waveform digitizer is configured for 1 nanosecond sampling period, records waveform of PMT pulses at the rate of 1 GHz. The vertical scale of digitizer was configured for 2 Volts with an offset set at positive 875 millivolts. The pre-trigger delay was set for 700 ns and the time stamp for the triggered event is recorded up to microsecond using cPCI GPS clock. A dynamic window approach was used to locate the Cherenkov pulse region in the readout trace of 1000 ns sampling time. A typical waveform produced by the flash ADC as shown in the figure-2 indicates pulse and off-pulse regions. The Cherenkov pulse window is set for 200 ns and remaining traces of waveform is used for the estimation of average night sky background (NSB) during ON-source and OFF-source observation. The figure-3 shows Cherenkov pulse fitted with Log-Normal function. The pulse parameters such as amplitude, rise time, fall time, pulse width (FWHM), pulse charge and pulse arrival time are calculated from the fitted pulse shape. The pulse arrival time is defined as the time at which the pulse amplitude reaches 95% of its absolute maximum. 
Reconstruction of event arrival direction
The relative arrival times of telescope pulses are used to reconstruct the arrival direction of Cherenkov shower. These relative arrival times are first corrected for a fixed time offset called tzero (T0). A finite but constant time delay (tzero) between telescope channels arises due to the difference in the signal path length, propagation delay in processing electronics and transit time of PMTs. The tzero values are calculated using data from runs conducted by pointing all the telescopes in a fixed direction, such as Zenith, 10
• North, 10
• South etc. For each pair of telescopes, we get an equation of the form [Majumdar et al 2003] 
where T0 i and T0 j are the tzeros (time offsets), C ij is mean delay respectively between a pair of i th and j th telescope and the w ij is weight factor. The weight factor w ij = 1/σ 2 ij is calculated from C ij distribution. The tzeros values are calculated by solving simultaneous equations formed by minimization of χ value. Figure-4 shows the distributions of pulse arrival time taken from the 10
• South direction. The variation in the mean arrival time is due to the difference in the geometrical delay arising due to inclination angle, relative difference in the z-height of telescopes and tzeros. The average time delay between two telescope pulses after correction for geometrical delay and zheight from a large sample of data accurately represents the two time-offsets. The data used for estimating the time-offsets of HAGAR telescopes consist of only cosmic ray events. Figure-5 shows the time-offsets of telescopes relative to the telescope T7 over the period of twelve months. The statistical error in the tzeros estimated from different fixed (North, South or Zenith) direction events is less than a nanosecond. Any other variation in the tzeros of a given telescope could be due to changes in operating (signal path) and climatological conditions. Monthly averaged, time-offsets were used in the estimation of the arrival direction of events collected in different data sets.
In the HAGAR array, arrival direction of the shower is estimated using the plane front approximation [Acharya et al 1993] . The arrival direction of the Cherenkov shower can be estimated by minimization of χ
where x i , y i , z i are the coordinates of the i th telescope, l,m,n the direction cosines of the shower axis, t i the arrival time of the showerfront at this telescope and t 0 is the arrival time of shower front at the origin of the coordinate system. Timing measurement of i th telescope is weighted (w i = 1/σ 2 i ), where σ i is uncertainty in the relative timing measurement of Cherenkov shower wavefront which arises due to shower fluctuation and arrival direction. The values of l,m,n and t 0 are calculated by solving equations ∂χ 2 /∂l = 0, ∂χ 2 /∂m = 0, ∂χ 2 /∂t 0 = 0 and l 2 + m 2 + n 2 = 1. The space angle (ψ) is an angle between telescope pointing direction and reconstructed direction of the shower and is given by
where (l 1 , m 1 , n 1 ) and (l 2 , m 2 , n 2 ) are the direction cosines of telescope pointing and reconstructed direction of the shower. Figure-6 shows the space angle distribution of cosmic ray events for 10
• South direction run. Since opening angle or view cone of HAGAR telescope is 3
• cosmic ray showers with incidence angle roughly in the range of ±1.5
• with respect to the pointing direction can trigger DAQ. The acceptance of showers increases with view cone due to increase in solid angle and detection efficiency of showers decreases with zenith angle due to absorption of showers. The convolution of detection efficiency with incident showers shows maximum around 1 degree. In the figure-6 peak of the space angle distribution occurs at 0.8±0.1 degree and space angles greater than 3
• are due to poor fitting of shower wavefront. The space angle distribution of events using CORSIKA almost overlap in full width at half maximum (FWHM) and peak position with run data. The standard deviation of a Gaussian fit to space angle distribution is obtained and the figure-7 shows the distribution of these standard deviations (σ) obtained from fixed direction runs. The mean of the distribution is 0.53 ± 0.02
• .
Extraction of γ-ray signal
The trigger rate stability is checked as a function of recorded time. Any short term contamination in data which arises due to instrument error or bad sky condition are rejected by clipping run data. The relative arrival times of Cherenkov shower front at telescopes are fitted with a plane and normal to this plane gives the direction of arrival of the shower. If the residue (observed - expected) delay is greater than 3 ns for any of the telescopes then same event is reprocessed after rejecting the telescope having largest deviation and this iteration continues till all residues are within the 3 ns or less than four telescopes are available for the angle fit, whichever occurs earlier. In this process almost 10-15% of events get rejected as we need atleast 4 telescopes with valid arrival time of Cherenkov shower front for estimating the arrival direction. The ON-OFF runs are paired based on the overlapping period (hour angle) taken during the same night. The excess/deficit γ-ray signal is estimated by comparison of events from source direction to its background direction. Data taken with different sky condition or operating condition results in large excess/deficit counts. This difference is neutralized through the normalization of night sky pulses. The Table- 2 lists details of two run pairs on fictitious source. The data Set-I corresponds to a run pair taken on the same night, but different region of the sky having the same declination but offset in RA by 75 minutes and data Set-II corresponds to a run pair taken on different nights but the same region of the sky. The common observation duration for a run pair is calculated from the overlapped region of zenith angle range. Figure-8 shows a typical integral rate-bias curve in which counting rate (Hz) is plotted as a function of the pulse amplitude. The data points (red and green) correspond to the data Set-II of the Table- 2. The steeply falling curve is due to night sky light extracted from the off-pulse region (figure-2) and flat curve is produced from the telescope pulses. The intersection point of the night sky and cosmic ray rate-bias curve represent the bias threshold (200 mV) set for the present analysis. The mean ratio of ON-OFF cosmic-ray rate deviates from unity because the same operating condition could not be maintained during observations. These runs were taken from the sky region, which is devoid of any known γ-ray source so the excess/deficit count rates from such run pairs must result in a null signal. The run pairs are formed by taking first run as an ONsource (fictitious γ-ray source) and second run as an OFF-source (cosmic ray background) without any prior bias in the selection of the sky region. The rate (Rate1) shows the excess/deficit signal after direct subtraction of OFFsource events from corresponding ON-source events. The excess/deficit signal from such source run pair deviates from the neutrality condition. Therefore OFF-source events must be normalized for the effect which causes a significant difference in the event rate of the regular ON-source and OFF-source runs.
The off-pulse region (figure-2) can be used to compute a suitable normalization factor. Since off-pulse region comprises pulses from the night sky light so effect of change in the operating condition of a run pair can be seen in the distribution of their night sky pulses. Figure-9 shows the amplitude distribution of night sky pulses for run pair of data Set-II. The average amplitude of the night sky pulse was calculated for every event. For this purpose, pulses of an event for given telescope were averaged in the off-pulse region. This average pulse height of a telescope in an event is further averaged over all seven telescopes thus yielding a single average pulse per event. The normalization constant (C) is given by C = 
The ψ c is the upper limit on the space angle. The N ON and N OF F are a number of events (ψ ≤ ψ c ) from the source and background direction and constant C is a normalization factor. The excess/deficit rate (Rate2) shows signal after the normalization of OFF-source events.
Results

Fictitious source
The possibility of systematic effects in the excess/deficit signal due to improper normalization of the night-sky background levels between the ON and OFF source regions of the sky is a major problem for ON-OFF observation technique. The PMT count rate and the trigger rates of each ON-OFF pair are very sensitive to the night sky conditions. The possibility of any systematic error due to the improper normalization of run pair was checked with fictitious source observations. Two types of data sets were used to calculate systematic errors in the detected signal. The fictitious source observations were taken from the different regions of the sky with different brightness. Data sets "Dark region" and "Fixed angle" described in Table- 1 represent the fictitious sources.
Results of both fictitious source data sets are listed in Table-3 . The figure-10 shows the distribution of γ-ray signal from the fictitious sources. The systematic error in the rate of γ-ray event per minute is about 0.33. In both cases the mean signal is close to zero as expected. The run pairs of data set "Dark region" are from the same brightness region of the sky and devoid of any known VHE source, therefore the γ-ray signal derived by selecting any of the run as ON and the other as OFF and vice versa would give the same null result. The run pairs of data set "Fixed angle" are from the transiting sky region. These runs have effect of varying night sky light, therefore the distribution shown in figure-10 is expected to be broader for the "Fixed angle" runs compared to "Dark region" runs. The statistical error (±0.37 minute −1 ) and systematic error (±0.33 minute −1 ) of the "dark region" runs are relevant for the extraction of signal from a true source as these runs are analogous to regular γ-ray source observations.
Bright sky region
The FOV of HAGAR telescope is 3 degree and the presence of any bright star (say magnitude 3 or 4) directly affects the operating conditions and trig- gered events. In a regular observation the high voltages of PMTs are adjusted in such a way that 4-fold chance is less than 1% of trigger rate. When the brightness between ON and OFF regions are comparable or slightly different then PMT voltages are re-adjusted, mostly by a few volts to maintain the chance trigger rate. The sky region with the Crab Nebula + ζ Tauri star (apparent magnitude V=3.010, B-V=-0.164) is brighter than the corresponding background region. In order to maintain a similar count rates of PMTs and low chance rate, the PMTs voltages are re-adjusted, mostly by 50-70 volts between ON and OFF regions. The effects of change in the operating condition between ON-source and OFF-source of Crab runs due to the presence of bright star in the ON-source region were also checked. The data set "Bright sky region" described in Table-1 and sky map 1 shown in figure-11 d 16 m 37 s ) regions. Thus, the fictitious source region include ζ Tauri star at the same angular offset which is present in regular observations of the Crab Nebula runs and does not include Crab Nebula. These runs with star ζ Tauri represent as ON-source and corresponding pair on the background region taken on same night represent as OFF-source. The average event rate from source and background directions are 6.1 ± 0.3 and 7.3 ± 0.3 Hz respectively. Figure-12 shows excess/deficit signal as function of observations. The average excess/deficit count rate from the fictitious source "Bright sky region" is 0.16 ± 0.59 per minute and agree with the null results shown by "Dark region" and "Fixed angle" data sets.
Crab source
The ON-OFF pairs which have common (from zenith/hour angle) duration greater than 30 minutes were used in the final analysis. Figure-13 shows event rates of ON-OFF runs as a function of the number of observations. Because of slight difference in the operating condition (discussed in §5.2), the event rate of OFF-source run is always higher than ON-source run. The space angle distribution of ON-source events is compared with the corresponding OFF-source events. A cut on the space angle of events is imposed to select events from the source direction. The space angle limit (ψ c ) for accepted events is set at 3
• , which is the maximum acceptance angle of HAGAR telescope, and hence γ-ray signal is expected to be within this limit for point sources. The normalized background distribution is subtracted from the ON-source distribution and excess/deficit of events is calculated. The analysis results of all selected ON-OFF run pairs is listed in Table- 4. The analysis results span over nine years of observation data. The column-5 and column-6 show average event rates of ON-source and OFF-source runs. The column-7 lists average γ-ray rate detected in each observation year. The statistical significance N σ was calculated using [Li and Ma 1983] , is given by
where N ON is number of events from the source direction and N OF F are number of events from the background direction. The column-8 lists total significance (σ) detected in each observation period and column-9 lists sensitivity of detecting γ-ray signal. Figure-14 shows estimated γ-ray rate from the Crab Nebula over the period of nine years. Each point in the upper panel of the figure shows estimated γ count rates on daily observation basis and lower panel points show average γ count rates on a time scale of a month. The low operating voltage of PMTs and maximized observation duration during 2015 and 2017 are possible reasons for better stability in the monthly averaged signal. Figure-15 shows the distribution of γ-ray rate per minute from the Crab Nebula. The standard deviation of Gaussian fit is used to estimate the error in the signal detection which is due to long term changes in the weather and instrument maintenance. This standard deviation is 1.87 and the error on mean works out to be 0.13 per minute which is used as systematic error in the present estimation of γ-ray rate. We estimate an average γ-ray rate from the Crab Nebula to be 4.64 ± 0.23 sta ± 0.13 sys per minute at the HAGAR trigger threshold 2 of 230 GeV. Figure-16 shows the significance (σ) of detected signal as a function of observation time. The total statistical significance has been 20.3σ for 219.1 hours of data and results in a detection sensitivity of 1.24σ √ T , where T is the observation time in hours.
For flux determination, we have calculated the time averaged flux over all the HAGAR observations of the Crab Nebula. Energy threshold and collection area applicable for average zenith angle of 15
• was used . The average flux, thus obtained is (1.64 ± 0.09) × 10 −10 photons cm −2 sec −1 for energies above 230 GeV, where the quoted error is only statistical.
The accuracy of the measured γ-ray rate and flux depends on the accuracy of the reconstruction of the arrival direction and normalization of background cosmic ray events in an ON-OFF run pair. Additional uncertainties can arise due to the possible variation of the trigger rates as well as due to offsets in the telescope pointing, large zenith angles of observations and the applied cuts in the event selection process. All these addup to systematic errors.
Conclusions
1. The data analysis procedure for the extraction of γ-ray signal using the wavefront sampling HAGAR array has been described in detail. We have tested this data analysis method on dark regions devoid of any known γ-ray sources to show that the method does not show any fake sources or spurious γ-ray signal. It is also verified that the present normalization method can efficiently equalize cosmic ray events in the ON-OFF run pairs. 2. A flux of (1.64 ± 0.09) × 10 −10 photons cm −2 sec −1 VHE photons of energies greater than 230 GeV from the Crab Nebula was detected by the HAGAR telescope array at a statistical significance of ∼ 20σ over the observation period of 219.1 hours spanning nine years. Figure-17 shows the measured flux which is consistent with earlier detections by Whipple [Hillas et al 1998] , MAGIC [Aleksić et al 2015] , HESS [Aharonian et al 2006 , Holler et al 2015 , VERITAS [Kevin Meagher for the VERITAS Collaboration 2015] and ARGO-YBJ [Bartoli et al 2015] telescopes. 3. Referring to figure-14, we do not see any significant evidence for the variation in the detected signals of γ-rays from the Crab Nebula during our observations spanning nine years. 4. Detection of flares from AGNs like Mkn421 [Shukla et al 2012] and Mkn501 [Shukla et al 2015] with the HAGAR telescopes has already established its sensitivity to flaring sources. A long term monitoring of Mkn421 [Sinha et al 2016] with HAGAR has been used in multiwave band studies. The blazar 1ES1959+650 has also been observed during its high active state. The anal- ysis procedure discussed for signal extraction uses flash ADC data which is much more robust than CAMAC data used in earlier analysis. Improved background subtraction and lower statistical error motivate monitoring of sources below 50% of the Crab flux unit. The HAGAR telescope size and FOV are small but advantage of high altitude location has achieved a lower energy threshold. Any alert from a wide field of view (Fermi-LAT) or IACT telescopes will be source of interest for HAGAR telescopes. The follow up or dedicated observations based on such alerts would be main targets for future observations.
